Coatings prepared from nanosized powders were obtained by spraying ethanol-based colloidal solutions into a plasma plume. The powders investigated included 40 nm γ -Al 2 O 3 , 75 nm 8 wt% Y 2 O 3 -ZrO 2 , and 750 nm 25 wt% CeO 2 -ZrO 2 . Spray distances from approximately 50 to 63 mm were required to achieve significant coating deposition. As observed in the TEM, the typical lamella morphology of air plasma sprayed oxide coatings was not observed in coatings fabricated from 40 nm γ -Al 2 O 3 , which was comprised of spherical powders that had partially sintered. However, lamellae were observed in the coatings prepared with both nanosized zirconia powders. The characteristic size of the lamella and the grains that comprised the zirconia coatings were nominally a few nanometers. C 2004 Kluwer Academic Publishers
Introduction
The state-of-the-art plasma spray process for ceramics employs large ceramic powders (often greater than 50 µm) that are fed into a plasma plume [1, 2] . The powders are fed through a long supply hose via gas flow into an injector that is located very near the plasma plume; for ceramic powders, the injector is most often located within the plasma gun (i.e., internal injection) to allow direct injection into the plasma plume. As the powder particles are directed into the plume, they are melted and propelled at high velocities onto the surface to be coated, spreading out to form thin "splats" or lamellae structures that comprise the coating [3] . Ideally, one powder particle should result in one lamella; however, some powder particles pass through the plume and are not melted. Lamellae are typically 0.2-0.3 µm thick, with each comprised of hundreds of columnar grains which are nominally 200-300 nm in diameter and oriented parallel with respect to the spray direction. Within the coating, which is essentially made up of numerous lamellae stacked on top of one another, there can be 10-20% porosity, as well as numerous microcracks and mesocracks, most of which appear to be due to stresses generated during cooling.
One of the disadvantages of the conventional plasma spray process is that powders greater than about 10 µm are required to flow properly through a typical powder feeder; powders smaller than these tend to agglomerate due to dominant electrostatic forces unless their surfaces are treated to reduce this attraction. Agglomerated powders clog the supply hose or the injector; moreover, small diameter powders do not typically achieve sufficient momentum transfer from the plasma. It may, however, be desirable to spray powders much smaller than 10 µm, with the expectation that smaller powders will result in a both smaller lamellae, and possibly smaller grains. The motivation for this work is that early results indicate that nanocrystalline microstructures in coatings improve resistance to thermal cycling [4] in thermal barrier applications.
One approach to create coatings with nanocrystalline features being developed [4] [5] [6] is to inject liquids containing ceramic precursors (e.g., aqueous salts) into the plasma. While entrained there, the precursor is converted to crystalline particulates that form via pyrolysis. These newly formed particulates sinter, and ultimately form a nanocrystalline coating. Other researchers [7, 8] have started with nanosized powders that were then agglomerated into larger powders via spray drying. These large powder clusters can then be fed into the plasma plume using conventional feeding methods. By careful control of the spray parameters, the nanosized features can be retained.
The current work focuses on another approach to fabricate coatings comprised of nanocrystalline features. The process involves injecting colloidal suspensions of nanocrystalline ceramic powders into the plasma plume. The powders investigated include 40 nm γ -Al 2 O 3 , 75 nm 8 wt% Y 2 O 3 -ZrO 2 , and 750 nm 25 wt% CeO 2 -ZrO 2 . Note that the preceding particle sizes are approximate. During the particles' short residence time in the plasma, the ethanol used to disperse the ceramic powders is vaporized, the powder is melted, and then propelled against the substrate to form the coating. The microstructure of the coating was dependent on the Figure 1 X-ray diffraction results for starting powders and coatings made from alumina slurries. The crystal structure and weight based percentage of α-or γ -alumina starting powder in the slurry is indicated on the plot. The coatings indicated were prepared using a 50 mm spray distance using the NC conditions indicated in Table II. starting powder composition. Also, the phase assemblage of the Al 2 O 3 coatings was strongly influenced by the structure of the starting powders.
Experimental procedure 2.1. Description of starting powders
The Al 2 O 3 powder 1 began with a meta-stable γ -Al 2 O 3 crystal structure, a specific surface area of 30-60 m 2 /g, and a spherical morphology. Its number-based average diameter was 40 nm as reported by the manufacturer. The crystal structure was verified via X-ray diffraction (XRD) using a Philips PW 1780 laboratory Cu K α diffractometer. The results are shown in Fig. 1a . To investigate the role of starting powder structure on the phases formed in the coating, a portion of the γ -Al 2 O 3 powder was heat treated at 1200
• C in air for 0.5 h. XRD indicated that the powder completely converted to the stable α-Al 2 O 3 structure (see Fig. 1b ). The as-received 1 Nanophase Technologies Corporation, Product code 100. and heat-treated Al 2 O 3 powders were further characterized using a Philips CM30 transmission electron microscope (TEM) operated at 200 kV. Fig. 2a and b are bright field and convergent beam electron diffraction (CBED) micrographs, respectively, taken of the starting γ -Al 2 O 3 powder. Note that the powders range in size from 10 to 100 nm. The CBED results presented in Fig. 2b are consistent with the cubic γ -Al 2 O 3 phase. As shown in Fig. 2c , the heat-treated particles sintered to an approximate size of 50 to 300 nm. Also, selected area diffraction analysis of the heat treated powder along the [001] zone axis revealed a hexagonal symmetry, consistent with α-Al 2 O 3 (see Fig. 2d ). During plasma spraying, the flow properties of the heat treated particles were qualitatively the same as the as-received material.
An 8 wt% yttria-stabilized zirconia powder, 2 with an number-based average particle size of 75 nm as determined by a Coulter LS230 particle size analyzer,
